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PREFACE 

This  report  describes  the  design  and  testing  of  an  annular  peripheral 
jet  air  cushion  vehticle.  The  program  was  an  In-house  research  program 
conducted  by  members  of  the  Special  Projects  Group  (FIEMB),  Mechanical 
Branch  (FIEM),  Vechicle  Equipment  Division  (FIE),  Flight  Dynamics 
Laboratory,  Air  Force  Wright  Aeronautical  Laboratories,  Wright- Patter son 
AFB,  Ohio  45433.  This  work  was  accomplished  under  Project  2402,  "Advanced 
Aircraft  Vehicle  Equipment";  Task  240201,  "Mechanical  Systems  for  Advanced 
Military  Flight  Vehicles";  Work  Unit  24020129,  "Advanced  Takeoff  and 
Landing  Systems  Development/Test/Evaluatlon." 

This  report  covers  the  test  program  conducted  during  the  period  1  Aug 
1980  through  31  Jan  1981,  under  direction  of  the  author.  Captain  Richard 
J.  Almassy,  Project  Engineer.  Release  of  the  report  was  by  the  author 
29  January  1982. 

In  appreciation  of  their  Ideas  and  technical  support  given  during  this 
program,  the  author  wishes  to  thank  Mr  David  J.  Pool  (AFWAL/FIEMB)  and 
Colonel  (Retired)  George  F.  Cudahy  (AFFDL/CC). 
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SECTION  I 
INTRODUCTION 

1 .  STATEMENT  OF  PROBLEM 

The  objectives  of  this  program  were  to  Investigate  the  static  hover 
performance  of  a  peripheral  jet  air  cushion  system  at  high  lift  conditions 
and  Investigate  suspected  sources  of  cushion-induced  vehicle  Instabilities. 
It  was  Initiated  as  a  high  risk/high  payoff,  largely  experimental  program 
to  rapidly  develop  peripheral  jet  technology  as  a  potential  replacement 
for  the  conventional  landing  gear  on  future  aircraft.  Ground  Effect 
Takeoff  and  Landing  (GETOL)  Is  a  concept  where  aircraft  flotation  Is 
provided  by  a  peripheral  jet  lift  system  rather  than  struts,  wheels,  and 
tires.  GETOL  differs  from  most  Air  Cushion  Landing  Systems  (ACLS)  con¬ 
cepts  In  that  no  external  trunks,  skirts,  fingers,  or  other  appendages 
are  used  to  contain  the  air  cushion  region.  It  could  provide  future 
aircraft  with  unprecedented  mobility,  allowing  sustained  operations  from 
unprepared  or  semi  prepared  surfaces.  Including  battle  damaged  airfields. 

The  program  objectives  were  formulated  to  expedite  GETOL  development. 
They  were  based  on  perceived  technology  needs  from  past  GETOL  and  peri¬ 
pheral  jet  studies.  The  Intended  program  payoff  was  to  demonstrate  that 
attractive  hover  performance  and  vehicle  stability  could  be  obtained 
from  moderately  simple  modifications  to  the  basic  peripheral  jet  lift 
systems  design,  and  that  the  peripheral  jet  GETOL  system  was  a  technically 
feasible  concept  for  future  aircraft. 

2.  BACKGROUND 

A  peripheral  jet  air  cushion  system  generates  lift  by  maintaining  a 
static  volume  of  higher  than  atmospheric  pressure  air  beneath  the  vehicle 
(Figure  1).  This  volume  of  air,  called  the  cushion.  Is  prevented  from 
venting  to  the  atmosphere  by  the  momentum  of  the  jet  airflow  surrounding 
It.  Significant  daylight  clearances  can  theoretically  be  obtained  from 
modest  power  requirements  by  the  proper  combination  of  airflow,  pressure, 
and  jet  geometry.  The  primary  technological  problems  have  been  excessive 
power  requirements  due  to  design  constraints,  and  vehicle  Instability  at 
high  lift  conditions  for  single  cushion  vehicles. 
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Three  significant  studies  Involving  the  GETOL  concept  were  conducted 
by  AVRO  Canada;  General  Dynamics*  Convair  Division;  and  Lockheed  Georgia 
Corporation. 

The  AVROCAR,  built  by  AVRO  Canada  In  the  1950's>  used  an  annular 
peripheral  jet  lift  system  to  support  a  manned  vehicle  (Reference  1). 

The  GETOL  AIRPLANE  was  a  peripheral  jet  seaplane  concept  Investigated 
by  Convair  for  the  US  Navy  In  the  early  1960's  (Reference  2).  In  both 
these  studies,  lowever,  stringent  design  requirements  resulted  in  exces¬ 
sive  lift  power  requirements  to  make  the  concepts  appear  technically 
attractive.  The  PERIPHERAL  JET  AIR  CUSHION  LANDING  SYSTEM  SPANLOADER 
AIRCRAFT  study  was  conducted  by  Lockheed  In  the  late  1970's  (Reference  3) 
Using  a  1.5  million  pound  gross  weight  Spanloader  design  as  a  baseline, 
the  study  concluded  that  a  GETOL  augmentation  system  In  combination  with 
a  conventional  landing  gear  could  reduce  the  necessary  gear  span  from 
218  feet  to  75  feet,  without  significantly  changing  the  useful  load  of 
the  aircraft.  The  significance  of  the  Lockheed  program  Is  that  It  was 
pe-^haps  the  first  to  document  the  potential  superiority  of  peripheral 
jet  flotation  over  conventional  mechanical  means  In  terms  of  weight, 
space  requirements,  and  operational  performance.  Additional  power 
requirements  to  operate  the  air  cushion  system  were  very  low  compared 
with  flight  p-.«!r  requirements  of  a  1.5  million  pound  vehicle.  However, 
the  predicted  capability  was  based  on  optimized  analytic  theory  and  not 
empirical  data. 

Many  other  programs  have  analytically  and  experimentally  Investigated 
peripheral  jet  performance.  This  program  was  to  be  a  simple,  qualitative 
experimental  Investigation  of  two  performance  aspects  Identified  by 
Flight  Dynamics  Laboratory  (FDL)  as  critical  to  the  feasibility  of  a 
viable  GETOL  system.  First,  Investigate  the  high  lift  hover  capabilities 
of  an  annular  jet  obtained  from  optimal  jet  configurations  as  predicted 
by  Barratt  Theory  (Reference  4).  And  second.  Improve  the  lateral  stabil¬ 
ity  performance  at  hover  of  a  simple  annular  peripheral  jet,  which  tends 
to  exhibit  a  characteristic  "wobble"  type  Instability  when  cushlonborne. 
Initially,  the  Intent  was  to  Isolate  the  first  order  source  of  the  In¬ 
stability.  If  successful,  a  secondary  Intent  was  to  experimentally 
develop  passive  stability  augmentation  for  the  system. 
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3.  APPROACH 

Two  annular  peripheral  jet  models  were  constructed  and  tested.  The 
models  differed  only  In  jet  geometry.  Each  was  designed  to  obtain  maxi¬ 
mum  static  hover  ground  clearance  for  the  specific  jet  configuration  (as 
predicted  from  Barratt  Theory).  Static  hover  capability  was  measured  as 
a  function  of  vehicle  weight  (lift  force  capability)  with  the  vehicle 
vertically  constrained.  Dynamic  stability  was  qualitatively  observed 
during  vehicle  tethered  flight.  Several  passive  stability  augmentation 
devices  were  built  and  tested.  Their  designs  were  Intuitively  developed 
from  speculation  of  the  driving  causes  of  annular  peripheral  jet  lateral 
vehicle  instability  (wobble). 
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SECTION  II 

PERIPHERAL  JET  STATIC  LIFT  THEORY 


1 .  INTRODUCTION 

In  order  to  properly  design  the  test  models,  it  was  necessary  to 
obtain  an  analytic  relationship  between  the  system  geometry  and  the 
desired  performance.  Barratt  Theory  is  generally  regarded  as  one  of  the 
simpler  analytic  peripheral  jet  theories  with  good  experimental  correla¬ 
tion.  It  was  used  to  aid  in  the  model  configuration  designs  and  to 
correlate  test  results  with  design  predictions.  This  section  discusses 
the  assumptions  and  governing  equations  for  the  incompressible  Barratt 
Theory. 

2.  BARRATT  THEORY  ASSUMPTIONS 

Barratt  Theory  is  an  ideal  fluid  (inviscid,  incompressible,  homo¬ 
geneous),  static  equilibrium  analysis  of  peripheral  jet  air  cushion 
lift.  It  is  basically  a  refinement  of  simple  (thin)  jet  theory  (Refer¬ 
ence  5)  by  attempting  to  analytically  account  for  the  pressure/velocity 
gradient  which  occurs  across  the  jet. 

Figure  2  shows  the  geometry  of  the  peripheral  jet.  In  addition  to 
the  ideal  fluid  assumptions,  the  following  assumptions  are  also  made: 

a.  The  jet  flow  is  steady  state. 

3v/9t  =  0 

That  is,  the  local  velocity  at  an  arbitrary  point  within 
the  jet  does  not  vary  in  magnitude  or  direction  with  time.  The  velocity 
does  vary  from  point  to  point  across  the  jet,  but  at  any  discreet  point, 
the  velocity  remains  constant. 

b.  The  jet  flow  is  irrotational . 

curl  V  =  0 

Each  element  of  fluid  (dm  in  Figure  2)  maintains  a  constant 
spatial  orientation  as  it  travels  through  the  jet  flow  field.  No  vortic- 
ity  and/or  mixing  of  the  fluid  can  occur  within  the  jet  streamlines. 
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c.  Energy  is  conserved  throughout  the  system.  Loss  from  non¬ 
conservative  sources,  such  as  viscous  heating,  deformation  of  the  vehicle 
or  flotation  surfaces,  etc,  is  assumed  negligible.  As  a  result,  the  total 
momentum  of  the  jet  airflow  is  conserved.  The  momentum  of  the  fully  de¬ 
flected  airflow  at  the  ground  plane  is  assumed  to  be  equal  in  magnitude 

to  the  airflow  at  the  jet  exit  plane. 

d.  The  effects  of  body  forces  on  the  fluid  flow  are  negligible. 

In  particular,  the  change  in  gravitational  potential  of  a  fluid  element 

dm  due  to  a  change  in  height  within  the  system  is  assumed  to  be  negligible. 

e.  The  jet  streamlines  are  assumed  to  be  parallel  with  the  jet 
walls  at  the  jet  exit  plane  before  being  deflected  and  parallel  with  the 
ground  plane  after  being  fully  deflected. 

Collectively,  these  assumptions  dictate  several  significant  factors 
in  the  dynamics  of  the  flow  field.  The  ideal  fluid,  steady,  irrotational 
flow  assumptions  force  a  condition  of  no  mixing  between  the  cushion  air, 
jet  airflow,  and  atmospheric  air  outside  the  jet.  The  streamlines  at  the 
jet  boundaries  form  a  stream  tube,  an  impermeable  fluid  boundary  across 
which  no  flow  can  occur.  Without  viscous  shear,  the  air  outside  the  jet 
boundaries  is  uninfluenced  by  the  motion  of  the  air  within  the  jet.  At 
equilibrium,  the  cushion  air  is  a  captured  volume  of  higher  than  atmos¬ 
pheric  pressure,  still  air. 

At  the  jet  exit  plane,  the  only  external  forces  acting  on  the  stream 
tube  are  the  pressure  forces  from  the  cushion  and  atmosphere  (which  act 
normal  to  the  jet  boundary  streamlines),  since  all  nonconservative  and 
body  forces  are  assumed  negligible.  After  exiting  the  jet,  the  resultant 
motion  of  the  jet  is  circular  (from  the  constant  centripetal  force  of 
the  cushion  pressure)  and  the  jet  streamlines  from  the  jet  exit  plane 
have  a  common  center  of  curvature. 

The  assumptions  about  the  fluid  properties  were  made  to  simplify  the 
form  of  the  static  lift  equations  and  still  maintain  reasonable  accuracy. 
Some  of  the  physical  realities  of  making  these  assumptions  will  be  dis¬ 
cussed  later. 
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3.  SUMMARY  OF  STATIC  LIFT  EQUATIONS 

Detailed  analytic  development  of  Barratt  Theory  Is  contained  In  Re¬ 
ferences  4  and  6.  For  the  purposes  of  this  report,  a  brief  summary  Is 
provided  to  develop  the  peripheral  jet  parameters  used  to  design  the 
experimental  models. 

Vertical  equilibrium  of  the  cushlonborn  vehicle  requires  that  the 
total  vertical  force  generated  by  the  vehicle  lift  system  be  equal  In 
magnitude  to  the  vehicle  weight: 

W  =  +  F  (la) 

where  F^  Is  the  total  force  generated  by  the  static  cushion  area  and  F^ 
Is  the  reaction  of  the  jet. 

In  general  terms,  the  cushion  force  Is: 


■  -I  V 


where  dS  Is  an  element  of  the  surface  (S)  acted  upon  by  the  cushion 
pressure. 

For  the  vehicle  geometry  shown  In  Figure  3  and  assuming  the  weight 
acts  vertically  down,  the  vertical  component  of  F  Is: 

c  c  c 

The  reaction  of  the  jet  may  be  determined  from  conservation  of  momen¬ 
tum  of  the  stream  tube  as  It  Is  deflected  through  the  angle  e  +  90“ 

(Figure  2).  The  general  equation  Is: 

Fj  =  V(pV.n)dS  pndS  (2) 

where  dS  Is  an  element  of  the  total  surface  (S)  across  the  stream  tube, 
normal  to  the  flow.  The  first  term  In  the  equation  Is  a  summation  of 
the  change  In  momentum  of  the  jet  airflow,  and  the  second  term  Is  a 
summation  of  the  pressure  forces  of  the  stream  tube  against  the  ground. 

Equation  2  cannot  be  Immediately  evaluated.  Note  that  the  static 
pressure  p  across  the  Jet  stream  tube  In  the  R-j  direction  Is  not  constant. 
The  pressure  at  the  stream  surface  along  R.|  (Figure  2)  Is  and  along  R2 
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Is  P  .  The  magnitude  of  the  velocity  V  across  the  jet  Is  therefore  also 
varying  since  conservation  of  energy  requires; 

'■t/p  '  '■/p  *  <’) 

To  evaluate  Equation  2,  the  pressure  and  velocity  gradients  across 
the  jet  must  be  expressed  as  scalar  function  of  the  general  position 
vector  R. 

Equilibrium  of  forces  In  the  R  direction  on  a  fluid  element  dm  (Fig¬ 
ure  2)  requires: 

3P/3R  =  pV^/R  (4) 

Combining  Equations  3  and  4  and  Integrating  radially  across  the  stream 
tube  yields:  2 

P(S)  >  Pt  *  r  fc  -  ’’t)  (5> 

and 

v(R)  «  /  (2Pt/p)‘‘ 

Evaluating  Equation  5  for  the  boundary  conditions  at  the  stream  tube 
surface  yields: 

R2/R1  =  (1  -  Pc/Pj)**  (6) 

Equation  2  can  now  be  evaluated  to  find  the  vertical  reaction  of  the 


Fj  =  2AjP^  (L  -  P  /P^)*‘cos^e  +  AjPj. 


The  total  vertical  force  (lift)  generated  by  the  peripheral  jet 
system  Is  then; 

•■pj  “  ’’c^T  ^ 

The  total  massflow  required  Is  determined  from  the  general  equation 
of  the  conservation  of  mass: 


m  »  (pV»n)dS 
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which  is: 


R« 

m  =  A. cos  J^V(R)dR 

The  total  airflow  through  the  peripheral  jet  system  is: 

Q  =  m/p 


Q  =  Ajcos  ^^V(R)dR 


By  combining  Equations  5  and  10  and  integrating  across  the  jet  yields 
the  total  airflow: 

Q  =  AjCOS8(2P^/p)**(1-P^/P^)‘*  {l-(l-Pj./PT)*^}'^{ln(l.P^/P^)"^}  (11) 

4.  DESIGN  PARAMETER  RELATIONSHIPS 

Equations  8  and  11  define  the  lift  system  of  the  peripheral  jet 
vehicle  in  terms  of  pressure  requirements,  which  is  not  particularly 
useful  from  a  design  standpoint.  More  advantageous  to  a  designer  would 
be  relationships  between  vehicle  performance  requirements  and  purely 
physical  design  parameters,  such  as  vehicle  size,  weight,  and  jet  geometry. 

To  develop  such  relationships,  a  relation  between  the  system  pressure 
ratio,  P./Py.  and  the  system  physical  geometry  must  be  developed.  The 

C  I 

area  of  the  jet  normal  to  the  airflow  will  be  approximated  by: 

A„  =  St  (12) 

Pj 

Force  equilibrium  between  the  cushion  and  the  horizontal  component 
of  the  jet  reaction  requires: 

P^dS  =  2Stp^{l  -  Pc/Pt)*^{1  +  sine)  (13) 

Solving  Equation  13  for  the  system  pressure  ratio  yields: 

P^./P.,.  =  2b  {(b^  +  1)**  -  B)  (14) 


where 


B  =  t/d  (1  +  sine) 
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Combining  Equations  8  and  14  yields  a  relationship  between  the  total 
static  pressure  rise  required  of  the  vehicle  lift  system  and  purely  geo¬ 
metric  system  parameters: 

=  W/  {A^P^  +  2Stcos0  (1  -  P^)**}  (15) 

where 

Pp  ={28  (6^  +  l)*s  -  8} 

Total  power  required  for  the  vehicle  lift  system  can  be  expressed  by 
combining  Equations  11  and  15,  since  power  Is: 

QPt 

hp  required  = 

The  resulting  equation  Is: 

{l-(l-PR)**}‘^{1n(l-P,^)"**}  (16) 

where 

6  =  W/{A^P^  +  2Stcos0  (1-P,^)**} 

Equation  16  Is  admittedly  cumbersome,  but  It  fully  quantifies  the 
peripheral  jet  system  as  a  multivariate  function  of  power,  vehicle  weight, 
cushion  size,  jet  geometry,  and  hover  height.  Using  multivariate  search 
techniques,  the  designer  can  determine  optimal  vehicle  configurations  for 
any  given  set  of  performance  requirements  and  design  restraints. 

5.  LIFT  AUGMENTATION  RATIO 

The  lift  augmentation  ratio  of  an  air  cushion  vehicle  Is  basically 
a  system  lift  coefficient.  There  are  several  definitions  depending  on 
the  system,  but  essentially  It  Is  a  ratio  of  the  total  vertical  force 
generated  by  an  air  cushion  system  compared  with  the  net  thrust  which 
could  be  generated  by  a  simple  jet  nozzle  under  similar  flow  conditions. 

For  the  purposes  of  this  report,  the  lift  augmentation  ratio  Is  de¬ 
fined  as  the  total  vertical  lift  generated  by  the  air  cushion  plus  the 
vertical  component  of  the  peripheral  jet  thrust  compared  to  the  vertical 
thrust  of  the  jet  If  It  were  directed  straight  down.  To  be  reasonably 
consistent,  the  comparison  should  be  made  at  very  nearly  equal  levels  of 
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available  power,  I.e.,  similar  pressure  and  airflow  conditions.  The  lift 
augnentatlon  ratio  Is  then; 

P  At  +  2StPT  (1-P,/Pt)’*cos0 

AR=-^-^ - 1 - ^—4 -  (17) 

2StP^ 

which  reduces  to: 

-J* 

AR  =  cose  +  ^  P^  (1-P^)  (18) 

The  term  In  the  denominator  of  Equation  17  describes  the  thrust  of 
the  jet  In  the  presence  of  the  cushion  pressure.  A  free  air  jet,  of 
course,  would  not  have  a  riununiform  pressure  gradient  across  the  jet 
nozzle.  However,  the  term  Is  useful  to  quantify  the  amount  of  free  air 
thrust  that  would  be  developed  un^er  the  same  available  power  conditions. 

Notice  also  that  the  augmentation  provided  by  the  peripheral  jet  air 
cushion  system  Is  solely  determined  by  the  physical  parameters  hover 
height,  jet  thickness,  jet  single,  and  cushion  size. 
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SECTION  III 
MODEL  TEST  PROGRAM 


1 .  INTRODUCTION 

Two  peripheral  jet  models  were  designed,  built,  and  tested  to  analyze 
vehicle  hover  performance  and  assess  vehicle  stability.  The  designs  were 
a  compromise  between  optimum  hover  capability  and  stability  consideration. 
The  test  program  attempted  to  quantify  the  lifting  capability  of  the 
vehicles  and  qualitatively  assess  the  design  tradeoffs.  This  section  will 
discuss  the  model  design  considerations  and  describe  the  model  test 
procedures . 

2.  MODEL  DESIGNS 

The  Initial  design  objective  was  to  maximize  the  hover  height  capa¬ 
bility  of  the  models  for  a  fixed  level  of  available  power.  Less  sensitive 
design  parameters  were  than  altered  slightly  In  an  attempt  to  Improve 
vehicle  stability. 

Equation  16  was  used  to  perform  a  sensitivity  analysis  of  the  design 
variables  1,e.,  vehicle  and  jet  geometries,  system  pressures,  mass  flow, 
etc.  The  equation  Is  a  relatively  complex  function,  but  It  does  relate 
the  major  design  parameters  to  power  available  and  hover  height.  By 
holding  the  power  available  constant,  each  dependent  variable  can  be 
varied  to  determine  Its  sensitivity  on  the  resulting  hover  height.  This 
technique  was  used  and  Indicated  the  following: 

a.  Hover  height  Is  maximized  when  cushion  pressure  and  cushion 
perimeter  are  minimized.  Therefore,  a  circular  cushion  Is  desirable. 

b.  Hover  height  Increases  as  jet  angle,  e.  Increases. 

c.  For  a  circular  cushion  area,  hover  height  Is  maximized  for  a 

system  pressure  ratio  approximately  0.6  to  0.8. 

To  simplify  the  design  process,  parameters  with  a  relatively  high 

sensitivity  on  hover  height  became  design  variables  to  be  optimized,  while 
parameters  with  a  low  sensitivity  were  chosen  to  be  fixed  states.  Since 
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vehicle  weight  Is  usually  a  strong  function  of  specified  design  require¬ 
ments,  It  was  selected  to  be  a  fixed  state.  The  model  physical  size  was 
selected  primarily  on  test  facility  aspects  and  a  preliminary  weight 
estimate  was  made.  The  lift  system  fan  and  engine  were  selected  from 
size  constraints  and  power  available  and  mass  flow  also  became  fixed 
states.  A  multivariate  optimal  search  technique  (Reference  7)  (conjugate 
gradient  method)  was  then  performed  on  Equation  16  to  determine  the  opti¬ 
mal  values  of  the  remaining  dependent  design  variables.  The  baseline 
configuration  parameters  are  shown  In  Figure  4. 

Two  model  designs  were  derived  from  the  baseline  configuration. 

Slight  modifications  were  made  In  an  attempt  to  Improve  vehicle  stability. 
Single  cushion,  peripheral  jet  type  air  cushion  vehicles  tend  to  exhibit 
a  bilateral  Instability  at  high  lift  conditions.  That  is,  they  tend  to 
wobble  similar  to  a  processing  gyroscope.  Based  on  several  theories 
about  the  sources  of  this  instability,  several  unique  features  were 
Incorporated  In  the  model  designs  to  try  and  defeat  this  tendency. 

First,  the  jet  angle  was  decreased  from  90®  to  30®  to  Increase  the 
cushion  footprint  area.  The  AVROCAR  used  a  60®  jet,  which  was  designed 
to  focus  at  high  lift  conditions  (Reference  1).  The  jet  flow  at  high 
power  adhered  to  the  bottom  of  the  vehicle.  It  flowed  Inward  to  the 
center  of  the  cushion,  then  downward  toward  the  ground,  forming  a  narrow 
jet  column  with  a  small  cushion  footprint.  It  had  been  speculated  that 
the  AVROCAR  experienced  poor  stability  at  high  power  because  Its  narrow 
cushion  footprint  could  cause  large  pitch  changes  with  fairly  small 
migrations  of  the  center  of  pressure.  It  was  hoped  that  decreasing  the 
jet  angle  would  result  in  less  sensitive  pitch  changes.  The  first 
model  jet  was  set  at  30®;  the  second  model  was  designed  at  the  first's 
half  power  point,  -15®. 

Another  unique  design  feature  was  the  radially  compartmented  diffuser 
section  of  the  lift  system.  Compartmentatlon  was  accomplished  by  placing 
vanes  In  the  diffuser  section  parallel  to  the  fan  exit  airflow,  and  ex¬ 
tending  from  the  fan  exit  area  to  the  jet  exit  area.  The  purpose  of  this 
was  twofold.  First,  It  would  reduce  the  destabilizing  moment  caused  by 
the  asymmetric  thrust  of  the  jet  when  the  vehicle  was  tipped.  Second, 
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Figure  4.  Peripheral  Jet  Model  Optimum  Baseline  Design 
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It  would  partially  decouple  the  cushion  and  fan  so  that  perturbations  in 
the  cushion  and  jet  areas  would  not  be  transmitted  back  to  the  fan. 

Figure  5  is  a  cutaway  view  of  the  diffuser  interior. 

The  fan  selected  for  the  model  lift  system  was  also  anticipated  to 
provide  maximum  vehicle  stability.  It  was  a  centrifugal  airflow  fan 
(Figures  6  and  7)  selected  for  its  single  functioned,  high  dQ/dp  charac¬ 
teristics  and  flat  flow  response  at  cutoff  pressure  (rather  than  stall). 

A  high  dQ/dp  characteristic  provides  rapid  flow  response  to  sudden  changes 
in  cushion  pressure  and  this  provides  high  static  cushion  stiffness.  The 
flat  flow  response  at  high  pressure  eliminates  cushion  stiffness  reversal 
and/or  collapse  at  fan  stall. 

The  first  model  (Figure  8)  followed  the  baseline  design  with  the 
exception  of  the  jet  angle,  which  was  decreased  to  30  degrees.  This 
reduced  the  nominal  hover  height  to  1.75  inches,  or  a  height/span  ratio 
of  0.05.  The  second  model  was  also  identical  except  the  jet  angle  was 
further  reduced  to  -15  degrees.  This  reduced  the  nominal  hover  height 
to  one  quarter  of  the  optimal  design  value.  If  this  configuration  did 
not  dramatically  increase  vehicle  stability,  the  concept  of  directing 
the  jet  angle  outward  from  the  cushion  was  to  be  abandoned. 

3.  TEST  PROCEDURES 

The  model  test  program  was  conducted  in  two  phases.  In  phase  one, 
static  lifting  force  was  measured  with  the  models  vertically  constrained 
as  a  function  of  hover  height.  In  the  second  phase,  vehicle  stability 
was  qualitatively  assessed  while  the  models  were  laterally  tethered  but 
vertically  in  free  hover  flight. 

The  test  set  up  for  the  static  hover  tests  is  shown  in  Figure  9. 
Vertical  lift  was  measured  by  a  strain  bar  mounted  to  the  top  of  the 
vehicle.  The  strain  bar  was  a  simple  mild  steel  beam  with  foil  strain 
gauge  networks  bonded  to  the  upper  and  lower  surfaces.  The  bar  was 
calibrated  by  applying  known  loads  at  the  model  attachment  point,  and  the 
test  data  was  subsequently  corrected  for  the  moment  error  caused  by  the 
model  attachment  point  not  being  located  vertically  in  line  with  the  model 
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Figure  5.  Radially  Compartmented  Diffuser 
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Figure  6,  Lift  System  Components 


Figure  7.  Fan  Performance  Map 


Figure  8.  30®  Annular  Peripheral  Jet  Model 


Figure  9.  Static  Hover  Test  Arrangement 
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theoretical  center  of  lift.  The  test  surface  was  smooth  plexiglas  and 
Instrumented  with  pressure  transducers.  The  pressure  measurements  were 
used  to  crosscheck  the  strain  bar  lift  measurements  and  confirm  the 
ground  pressure  gradient  of  the  cushion  was  Indeed  uniform.  Fan  speed 
was  held  constant  throughout  the  tests  and  monitored  by  using  a  strobe 
light.  Lift  system  mass  flow  was  determined  from  the  fan  map  supplied 
by  the  manufacturer.  The  models  were  also  Instrumented  with  pitot  tubes 
Inside  the  diffuser  section  to  confirm  that  the  design  system  pressure 
ratio  was  obtained  during  tests. 

The  total  vertical  lift  generated  by  the  models  was  measured  as  a 
function  of  hover  height  by  varying  the  height  of  the  horizontal  strain 
bar.  The  Initial  test  performed  was  the  measurement  of  the  free  air 
thrust  of  the  peripheral  jet  lift  system  out  of  ground  effect.  The  free 
air  thrust  obtained  was  compared  to  theoretical  predictions  to  assure 
proper  system  operation  and  gain  confidence  In  the  fan  performance  pre¬ 
dicted  by  the  fan  map.  Test  data  was  recorded  on  an  analog  paper  recor¬ 
der. 


Dynamic  hover  tests  were  recorded  on  video  tape.  The  test  procedure 
was  to  bring  the  fan  speed  up  slowly,  and  observe  vehicle  stability  as  a 
function  of  jet  Reynolds  Number  (based  on  jet  airflow  and  jet  thickness). 
The  models  were  tested  In  their  basic  configurations  and  also  with  several 
modifications  to  the  cushion  area  which  will  be  discussed  In  the  next 
section. 
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SECTION  IV 
RESULTS 


1.  STATIC  HOVER  PERFORMANCE 

The  first  test  result  of  significance  was  the  comparison  of  the 
measured  versus  theoretical  free  air  thrust  of  the  30°  peripheral  jet 
model.  The  measured  thrust  was  obtained  by  supporting  the  model  well 
out  of  ground  effect  with  the  calibrated  strain  bar.  The  theoretical 
thrust  was  computed  from  the  formula: 

T  .  mjVj  (19) 

where 

nij  =  PQ 

■  nj 

The  jet  mass  flow  was  obtained  from  the  fan  performance  map  (Figure  7). 
Within  the  tolerances  of  the  equipment  used  In  this  experiment,  the 
measured  thrust  matched  the  theoretical  thrust  of  5.4  pounds.  This 
result  added  confidence  that  the  system  was  operating  as  predicted  and 
the  fan  map  was  a  true  Indication  of  the  fan  performance. 

The  static  hover  performance  of  the  30°  peripheral  jet  model  In 
ground  effect  Is  presented  In  Figure  10.  The  experimentally  determined 
augmentation  Is  shown  as  a  function  of  hover  height.  The  Barratt  Theory 
curve  was  obtained  from  Equation  18.  The  experimental  data  was  derived 
from: 

AR  »  (measured  11ft)/(pQ^/Apj)  (20) 

where  the  mass  flow  (Q)  was  obtained  from  the  fan  performance  map. 

The  results  depicted  In  Figure  10  were  not  surprising.  Higher  than 
theoretically  predicted  augmentation  for  low  pressure  peripheral  jet 
systems  have  been  recorded  In  past  experiments  (References  4  and  8).  In 
that  respect,  Barratt  Theory  appears  to  be  conservative  at  operating 
conditions  where  hover  height  was  optimized  with  respect  to  Input  power. 
The  mass  flow  for  prediction  versus  experiment  Is  presented  In  Figure  11 


Augmentation,  Theory  versus  Measured 
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2.  VEHICLE  STABILITY 

Both  models  In  their  basic  configuration  were  unstable  at  their  de¬ 
sign  operating  hover  heights.  They  exhibited  a  low  frequency  (approxi¬ 
mately  2  hertz)  rhythmic  “wobble"  similar  to  a  processing  top.  The 
magnitude  of  the  perturbation  was  limited  only  as  the  downgoing  side  of 
the  jet  struck  the  surface. 

For  the  30“  jet  model,  the  vehicle  was  stable  at  low  hover  heights 
(corresponding  to  low  jet  velocities),  but  began  a  very  low  frequency 
(approximately  0.3  hertz),  small  magnitude,  processing  type  motion  at  a 

4 

jet  Reynolds  humber  of  approximately  10  .  The  unstable  motion  was 
Increasingly  aggravated  as  jet  velocity  was  Increased.  The  -15“  jet 

4 

vehicle  barely  became  cushlonborne  at  a  jet  Reynolds  number  of  10  and 
was  unstable  at  all  hover  heights.  Testing  of  this  model  was  subsequently 
discontinued. 

It  seemed  apparent  that  the  vehicle  Instability  was  somehow  related 
to  the  jet  Reynolds  number  (jet  airflow  velocity).  It  was  theorized 
that  viscous  shear  between  the  cushion  and  jet  airflow  Induced  vorticity 
along  the  Inside  stream  tube  boundary.  The  vorticity,  In  turn,  was 
causing  crossflows  In  the  theoretically  static  cushion  area,  which  pro¬ 
duced  an  out  of  trim,  center  of  pressure  condition.  To  defeat  the 
crossflow  activity,  full  span  cruciform  strakes  were  attached  to  the 
bottom  of  the  vehicle,  which  compartmented  the  cushion  area  Into  four 
equal  quadrants  (Figure  12).  Vehicle  stability  was  greatly  Improved. 

The  first  strake  tested  extended  from  the  bottom  of  the  cushion  ap¬ 
proximately  30  percent  of  the  nominal  hover  height.  At  the  nominal 
cushlonborne  hover  height,  the  vehicle  motion  had  been  reduced  In  fre¬ 
quency  to  approximately  0.5  hertz  and  the  magnitude  reduced  to  approxi¬ 
mately  one- third  to  one  half  the  clearance  height.  A  second  cruciform 
strake  of  approximately  60  percent  of  the  nominal  hover  height  further 
reduced  the  vehicle  Instability  to  a  random  motion  with  no  perceptible 
frequency  and  very  small  magnitudes.  A  90  percent  strake  completely 
stabilized  the  vehicle.  It  exhibited  excellent  static  stability  and 
static  cushion  stiffness. 
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Full  Span  Cruciform  Strakes 


AFWAL-TR-82-3043 


To  further  Investigate  the  cushion  compartmentatlon  effect  on  vehicle 
stability,  the  cruciform  strakes  were  removed  and  a  single  strake  was 
Installed.  The  single  strake  bisected  the  full  cushion  span  and  was 
approximately  90  percent  of  the  cushion  depth.  When  tested  at  the  nominal 
operating  height,  the  vehicle  was  laterally  unstable  along  the  axis  of 
the  strake  and  stable  along  an  axis  perpendicular  to  the  strake.  This 
result,  along  with  the  results  above,  strongly  Implicates  the  cushion 
crossflow  theory  as  being  the  primary  source  of  single  cushion,  peripheral 
jet  vehicle  lateral  Instability. 

The  final  stability  tests  conducted  were  Intended  to  Investigate  the 
cruciform  strakes  at  less  than  full  span  configurations.  Tests  were 
conducted  with  only  the  middle  half  of  the  cushion  area  compartmented 
and  also  with  only  the  outer  half  of  the  cushion  area  compartmented,  with 
the  cruciform  strakes  extending  full  cushion  depth.  In  either  case, 
the  unstable  motion  returned. ' 


29 


SECTION  V 


CONCLUSIONS  AND  RECOMMENDATIONS 
1.  STATIC  LIFT  POWER  ANALYSIS 

The  results  of  this  experiment  and  others  like  it  indicate  that  Bar- 
ratt  Theory  of  peripheral  jet  lift  may  be  slightly  conservative.  As 
Figure  10  indicates,  slightly  higher  augmentation  ratios  can  be  experi¬ 
mentally  obtained  in  the  operating  region  where  the  vehicle  lift  system 
has  been  optimized  according  to  analytic  predictions.  It  would  be 
reasonable  to  conclude  that  the  slight  increase  in  system  performance  is 
the  result  of  the  effects  of  viscosity  between  the  jet  and  the  surrounding 
air. 


Figures  10  and  11  indicate  that  the  most  conservative  predictions 
from  theory  with  respect  to  lift  performance  occur  at  the  higher  height/ 
span  ratios.  The  experimental  flow  obtained  at  the  design  operating 
point  (height/span  ratio  of  0.05)  would  not  be  sufficient  to  generate 
the  lift  obtained  according  to  Barratt  Theory.  It  may  be  possible  that 
the  fan  performed  better  than  expected,  but  the  free  air  thrust  results 
would  tend  to  reinforce  the  fan  map  accuracy.  It  would  be  more  logical 
to  conclude  that  the  jet  airflow  is  entraining  additional  airflow  in  the 
same  principle  as  an  air  ejector  {Reference  8).  The  physical  geometries 
between  the  two  are  somewhat  similar.  Additional  airflow  entrained  would 
provide  additional  momentum  to  the  jet.  That  additional  momentum  would 
account  for  the  increased  centripetal  force  necessary  to  contain  a 
cushion  pressure  higher  than  theoretically  obtainable.  And  as  the  sta¬ 
bility  experiments  indicate,  there  is  definitely  aerodynamic  activity 
occurring  between  the  jet  and  the  theoretically  assumed  static  air 
surrounding  the  stream  tube  boundaries. 

Another  indication  of  entrainment  is  the  flow  similarities  between 
Figures  10  and  11.  The  higher  the  hover  height  the  greater  the  gain 
becomes  in  augmentation  and  reduced  flow  requirements.  This  tendency 
would  not  occur  solely  from  increased  fan  performance.  It  would  appear, 
however,  that  the  peripheral  jet  does  have  a  propensity  to  entrain 
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airflow.  The  ability  to  entrain  airflow  from  the  viscous  shear  between 
the  jet  and  surrounding  air  would  be  increased  by  the  higher  jet  velocities 
and  longer  stream  tube  surfaces  associated  with  the  higher  height/span 
ratios.  It  is  recommended  that  further  study  be  conducted  to  validate 
this  conclusion.  It  is  probable  that  even  greater  augmentation  can  be 
achieved  by  incorporating  air  ejector  design  principles  into  the  peri¬ 
pheral  jet  design  geometry. 

Another  tendency  indicated  by  Figure  11  is  a  greater  flow  requirement 
at  low  height/span  ratios.  The  model  in  this  experiment  was  designed  for 
a  height/span  ratio  of  0.05.  It  is  interesting  to  note  that  the  flow 
requirements  exceed  the  predicted  values  as  the  hover  height  (and  subse¬ 
quently  the  available  jet  turning  radius)  becomes  smaller  than  the  jet 
thickness.  It  would  be  difficult  to  conclude  that  the  assumption  of 
circular  jet  streamlines  is  maintained  under  these  conditions.  Conse¬ 
quently,  the  maximum  cushion  pressure  which  can  be  obtained  is  greatly 
diminished. 

Peripheral  jet  air  cushion  systems  can  generate  attractive  flotation 
heights  from  modest  power  requirements  through  proper  configuration 
design.  Design  and  operational  benefits  of  such  systems  for  future  aero¬ 
space  vehicles  was  addressed  in  the  Lockheed  study  (Reference  3)  and  is 
not  addressed  in  this  report.  From  a  static  augmentation  standpoint, 
the  technology  is  viable  and  attractive.  It  would  be  recommended  to 
further  investigate  forward  speed  effects  and  transition  to/from  flight 
effects  of  peripheral  jet  augmentation  systems. 

2.  VEHICLE  DYNAMICS  ANALYSIS 

The  baseline  configurations  of  the  peripheral  jet  models  tested  in 
this  program  were  laterally  unstable.  The  primary  source  of  the  vehicle 
instability  was  experimentally  traced  to  aerodynamic  activity  in  the 
cushion  area.  It  was  concluded  that  this  activity  is  directly  related 
to  the  velocity  of  the  jet  airflow,  possibly  through  viscosity  effects. 

It  is  probable  that  viscous  shear  between  the  jet  airflow  and  the  cushion 
air  creates  sufficient  vorticity  and/or  random  flow  fields  in  the 
cushion  area  to  alter  the  static  trim  condition  of  the  vehicle.  Although 
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analytical  analysis  will  show  that  asymmetric  thrust,  unfavorable  fan 
characteristics,  and  cushion/duct/fan  coupled  perturbances  have  destabi¬ 
lizing  influences  on  vehicle  dynamics,  they  were  concluded  to  be  second 
order  effects  compared  to  the  aerodynamic  influences  from  the  cushion. 

It  is  recommended  that  further  study  be  conducted  to  verify  these  conclu¬ 
sions  are  universal  to  peripheral  jet  air  cushion  vehicles  and  not  unique 
to  this  experiment. 

The  vehicle  instability  found  in  this  experiment  can  be  controlled  in 
two  ways.  The  velocity  of  the  jet  airflow  can  be  kept  low,  which  will 
reduce  the  influence  of  the  jet  shear  forces  on  the  cushion  air.  However, 
since  the  hover  height  is  dependent  on  the  jet  momentum,  this  technique 
can  only  be  used  for  low  hover  heights,  and  the  optimum  potential  of  a 
peripheral  jet  system  is  not  fully  realized. 

To  maintain  vehicle  stability  and  still  operate  near  optimum  lift 
conditions  for  the  vehicle  geometry,  the  crossflow  activity  in  the  cushion 
must  be  eliminated.  This  can  be  accomplished  by  physically  segmenting 
the  cushion  into  separate  areas.  This  technique  may  not  be  practical 
or  desirable  for  design  purposes  on  flight  vehicles,  where  external  appen¬ 
dages  are  usually  avoided  if  possible.  It  is,  therefore,  recommended 
that  alternative  solutions  to  controlling  the  aerodynamic  activity  in  the 
cushion  area  be  pursued. 
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